As part of the work of the Economic Commission for Europe of the United Nations Task Force on Emission Inventories, a new set of guidelines has been developed for assessing the emissions of sulphur, nitrogen oxides, NH 3, CH4, and nonmethane volatile organic compounds (NMVOC) from biogenic and other natural sources in Europe. This paper gives the background to these guidelines, describes the sources, and gives our recommended methodologies for estimating emissions. We have assembled land use and other statistics from European or national compilations and present emission estimates for the various natural/biogenic source categories based on these. Total emissions from nature derived here amount to -1.1 Tg S yr -1, 6-8 Tg CH 4 yr -•, 70 Gg NH 3 (as N) yr -•, and 13 Tg NMVOC yr -1. Estimates of biogenic NOx emissions cover a wide range, from 140 to 1500 Gg NOx (as N) yr -•. In terms of relative contribution to total European emissions for different pollutants, then NMVOC from forests and vegetation are clearly the most important emissions source. Biogenic NOx emissions (although heavily influenced by nitrogen inputs from anthropogenic activities) are very important if the higher estimates are reliable. CH 4 from wetlands and sulphur from volcanoes are also significant emissions in the European budgets. On a global scale, European biogenic emissions are not significant, a consequence of the climate and size (7% of global land area) of Europe and of the destruction of natural ecosystems since prehistoric times. However, for assessing local budgets and for photochemical oxidant modeling, natural/biogenic emissions can play an important role. The most important contributor in this regard is undoubtedly forest VOC emissions, although this paper also indicates that NMVOC emissions from nonforested areas also need to be further evaluated. This paper was originally conceived as a contribution to the collection of papers arising as a result of the Workshop on
global total, but even on an annual basis they are significant in the European NMVOC inventory. Further, these emissions are strongly dependent on season, temperature and light intensity [e.g., Guenther, 1997; Schnitzler et al., 1997 ] so that in many countries of Europe they may exceed anthropogenic NMVOC emissions during warm summer days, often those days most conducive to ozone formation. Biogenic NMVOC (BVOC) include a wide range of chemical compounds, including hydrocarbons, oxygenated compounds, sulphur-, and nitrogen-containing substances. A qualitative summary of worldwide investigated plants with respect to BVOC emission can be found in the work of Hewitt et al.
[1997, available at http://www.es.lans.ac.uk/es/people/pg/pas/ download.html]. Emission factor estimates by chemical compound for common European plant species have been summarized by Steinbrecher [1997] . The hydrocarbons isoprene and several monoterpenes (apinene,/3-pinene, limonene, etc.) are generally considered the most important compounds for regional ozone formation in Europe [Simpson, 1995; Stockwell et al., 1997 ].
The remaining NMVOC species ("other VOC" or OVOC) include some reactive species such as alkenes [Goldstein et al., 1996] but are generally dominated by oxygenated compounds. Little is known about the source strength and chemistry of these compounds, and a large number of these OVOC, especially oxygenated compounds, have proven difficult to quantify in air samples [Puxbaum, 1997] . Emissions may be large, however, especially during the flowering and harvesting seasons [Arey et al., 1991a, b] .
Previous efforts to estimate biogenic NMVOC emissions for Europe have been faced with very limited databases of vegetation distributions and biogenic NMVOC emission rate factors . The large uncertainties associated with these emission rates are mainly due to ill-defined land use classifications, emission factors, and emission algorithms. Recent investigations in Europe have resulted in an improved understanding of biogenic NMVOC emissions from parts of the Mediterranean area , although many species and areas still need to be studied.
Here we present a revised BVOC emission calculation for Europe, which improves on previous efforts in several important respects: (1) emissions of isoprene, monoterpenes and OVOC are separately estimated and in a consistent fashion;
(2) a large amount of new information has been collected on the different forest species in each country; (3) detailed land use maps have been utilized that enable a better estimate of the species distributions within a country; and (4) new emission rates have become available for many important European species, for example, for terpene emissions from evergreen oaks.
Natural Grassland and Other Low Vegetation
This section deals with NMVOC emissions from all types of vegetation (natural, seminatural and in some cases cultivated) that do not fit easily into the forest classification. We do not consider emissions of other species, for example, of NH3 from pastures (due to animal droppings) and meadows (in particular when fertilized with manure), although these may be significant, as these are dealt with under Agricultural emissions in the UN-ECE/CORINAIR system. Some of the main vegetation types are the following:
1. Grasslands are areas dominated by grassy plants, usually also containing other herbs. There are mainly two families of grassy plants: poaceae ("sweet grasses") and cyperaceae ("acidic grasses"), the first of the two being most frequent in European grasslands.
2. Maquis are comprised of evergreen shrubs and small trees, typically olive (Olea oleaster), carob (Ceratonia siliqua), dwarf Quercus ilex and Erica multiflora. (Also known as matorral denso, espinal, chaparral, macchia alta.) 3. Garrique are comprised of midheight shrubs, 0.6-2 m high on calcerous soils, typically Pistachia lentiscus, Arbutus pastures with scattered and degraded oaks (Q. ilex, Q. suber). Veldt, 1989 ]. For example, garrique is sometimes used for vegetation <0.6 m high also, in which case "lande," "tomillar," "gairriga," and "phyrgana" are alternative names. However, the above are in common usage.
Names and definitions of Mediterranean landscape classes vary from country-to-country and from author-to-author [Di
Most of the grasslands in middle and northern Europe are seminatural, in the sense that they are agriculturally used for either harvesting hay (meadows) or for grazing (pastures). Natural grasslands can be found in alpine regions above the timberline (alpine Tundra), at lower elevation northward of the timberline (boreal Tundra), in dry climatic regions (Steppe), or on saltfloors and on moorland.
Other low vegetation is widespread across Europe. For example, in the United Kingdom, bracken and dense shrub heath cover 12% of the land surface (R. Bunce, ITE, Merlewood, personal communication, 1997) with Erica sp, Ulex sp., Calluna sp., Pteridium sp., and similar species being common. In the Mediterranean region maquis, garrique, and jaral are characteristic landscapes.
Only a small number of screening studies have surveyed biogenic VOC emissions from nonforest vegetation. Hewitt and Street [1992] tested the 21 most abundant grass and herbaceous species in the United Kingdom with a qualitative method. Only purple moor grass (Molinia caerulea), bracken (Pteridium aquilinum), and common gorse (Ulex europaeus) were found to emit isoprene, and only ivy (Hedera helix) and cocksfoot grass (Dactylis glomerata) were found to emit monoterpenes. K6nig et al. [1995] tested VOC emissions from agricultural plants such as wheat, rye, rape, grape, and three types of grassland in East Austria. They used the Arey et al. [1991b] approach to include also specified OVOC emissions. Wheat, rye, oilseed rape, grape, and two of the grass plots examined were found to emit primarily OVOC. For one of the examined grass plots, terpene and OVOC emissions were of equal importance. After mowing of one of the grass plots the emissions of terpenes and OVOCs increased roughly by a factor of 3, so presumably herbivory has a similar effect.
Forest Fires
On a global scale, biomass burning has been estimated to account for over 40% of global CO and CO2 emissions and over 30% of NO•c emissions. However, most burning takes place in the tropical and subtropical regions [Andreae et al., 1988] , so emissions from European fires have received very little attention.
Fires have always been a feature of forest ecosystems. However, although natural forest fires may be initiated by lightning, recent estimates indicate that in Europe the vast majority of fires are associated with man's presence, despite the fact that slash-and-burn agricultural practices, or prescribed burns (upon which most emission-factor measurements are based), are much less frequent than in the Tropics or America. Korovin [1996] reports that nearly 70% of fires in Russia occur within 5 km of a road, and 60% of fires occur within 10 km of a populated area. Conrad and Ivanova [1997] report that lightning-induced fires account for over 50% in remote regions of the Asian part of Russia, but only 3% in the European part. Stanners and Bourdeau [1995] suggest that in Germany and Italy <1% of fires are caused by lightning, with 3% and 8% cited for Finland and Spain, respectively. The single biggest cause of fires in Europe is stated to be arson, followed by accidents.
The major products of biomass burning are CO2 and water vapor [Andreae et al., 1988] . However, a large number of aerosol-and gas-phase species are produced, including the products of incomplete combustion (CO, NMHCs) and nitrogen and sulphur species. These arise partly from nitrogen and sulphur contained in the vegetation and organic matter in the surface soils. Additionally, emissions can arise from the revolatilization of substances that have been deposited [Hegg et al., 1990 ].
Soils
3.4.1. Soil NO x emissions. Nitric oxide (as well as N 2 and N20 ) is produced in intermediate steps in microbial nitrification and denitrification processes. As emissions depend on the amounts of nitrogen going through these processes, agricultural soils, subject to direct fertilization and manure, are responsible for the great majority of emissions, and some ecosystems may have NO x fluxes approaching those of anthropogenic sources [E. . The quantity of NO x emissions from agricultural land is dependent on the rate of fertilizer application and the subsequent microbial nitrogen processing in the soil, together with a multitude of other environmental factors. A large number of studies have been discussed in relation to possible controlling factors by Davidson and Kingerlee [1997] , Skiba et al. [1997] , and Veldkamp and Keller [1997] . Some of the major problems in parameterizing soil NOx emissions are further discussed by Hutchinson et al. [1997] .
Bakwin et al. [1990] pointed out that some of the NO emitted from soils is quickly converted to NO 2. This gas is deposited within a vegetation canopy, so reducing the NO x flux to the atmosphere. Indeed, the study of Yienger and Levy [1995] Emissions of NO x from soils are estimated to be between 10 and 20% of the global budget of NO x in the troposphere Levy et al., 1996] . The contribution of soil NO emissions from agricultural lands has previously been estimated to be 15% of the total European NOx emissions inventory .
3.4.2. Soil CH 4 consumption. Methane production has been observed to occur in forest soils, especially in the upper organic horizons of soil profiles [e.g., Adamsen and King, 1993; Bender and Conrad, 1994] , but not at rates exceeding the consumption at deeper horizons. Thus the net methane exchange between soils and the atmosphere is negative, that is, forest soils consume atmospheric methane through a biologically mediated process [e.g., Crill, 1991] . With the exception of tundra soils [Whalen and Reeburgh, 1990] , oxidation zones seem to form a few centimeters below the humus layer in all forest soils Adamsen and King, 1993; Koschorreck and Conrad, 1993; Yavitt et al., 1993; Bender and Conrad, 1994; Tyler et al., 1994; Czepiel et al., 1995; Priem et al., 1996; Roslev et al., 1997 ]. The reason for this depth variation has not yet been clarified, neither have any organisms responsible for the process been isolated [Hanson and Hanson, 1996] . Nonforested soils exhibit a wide range of behaviors, but again seem to act as a sink of methane, although with lower consumption rates than forest soils.
Both temperature and soil moisture affect methane consumption rates. The presence of water in soil pores reduces the diffusion rate of methane and oxygen, which are the methanotrophic substrates. Soil moisture, negatively correlated with methane uptake, was found to be the dominating factor in most studies [Crill, 1991; Nesbit and Breitenbeck, 1992; Koschorreck and Conrad, 1993; Lessard et al., 1994; Castro et al., 1994b Castro et al., , 1995 . Soil particle size also affects porosity and diffusion rates, so that a soil with large particles can promote high methane oxidation rates [D0rr et al., 1993; Bender and Conrad, 1994] . In a cluster analysis made on a large data set, Ball et al. [1997] found that parameters related to soil porosity were the most important. In other studies, soil temperature was found to be the dominating factor [Mac-donaM et al., 1997; Priem and Christensen, 1997], thus strengthening a seasonal pattern with highest uptake rates in summer.
Another factor is the age of the standing vegetation, with oxidation rates being generally higher in environments with older stands [Kruse and Iversen, 1995; Priem et al., 1997 ].
Among nutrients, the effects of nitrogen has been most intensively studied, but the results are ambiguous. In some cases, nitrogen fertilization resulted in a negative impact on methane oxidation rates [e.g., Steudler et al., 1989; Castro et al., 1994a; Schnell and King, 1994; Sitaula et al., 1995] , while other field experiments with N fertilization showed no effect at all [Whalen et al., 1991; Dunfield et al., 1995] or possible recovery within one year [Neff et al., 1994; B•rjesson and Nohrstedt, 1998 ]. Further, both negative Macdonald et al., 1997] and positive [Goldman et al., 1995] correlation with respect to ammonium have been reported. Other observations [Castro et al., 1995; Kruse and Iversen, 1995] indicate that there is a positive relationship between soil fertility and consumption of atmospheric methane. Since no long-term negative effects of N-fertilization in forest soils have been shown, and as a normal fertilizer intensity is expected at one application per life cycle, the added nitrogcn lowers methane consumption by <1% and is therefore left out of our forest methane budgets.
A low p H promoted methane oxidation in an experiment with acidic irrigation conducted by Sitaula et al. [1995] , but other pollutants with possible inhibitory effect remain to be investigated.
Wetlands
For the purposes of this work "wetland" is used as an overall term for any area of permanently or seasonally flooded soils, where soils are saturated long enough for the soil to become reduced, and a methanogenic population established. The types of wetlands are differentiated by soil characteristics, their vegetation, which affects the amount and type of organic substrate available and transport of CH4, and by season of flooding or thawing. The distribution of these wetlands throughout Europe is very uneven, concentrated in northern Europe. An extreme example is Estonia, where >20% of the country is wetland.
Wetlands emit CH4, biogenic sulphur gases, some VOC, and small amounts of N20. As discussed below, CH 4 is the only gas emitted in quantities that are globally significant. However, it should be noted that peatlands are large terrestrial carbon stores (circa 412 Gt of C is stored in peatlands worldwide [Woodewell et al., 1995] ) and thus play a significant role in the global carbon cycle [Oechel, 1993] .
Wetlands are here divided into six classes: bogs, fens, swamps, marshes, flood plains, and shallow lakes. This classification is derived from Zoltai and Poller [1983] and was also used by Aselmann and Crutzen [1989] . A similar scheme was used by Matthews and Fung [1987] .
Agricultural wetlands such as rice fields are not covered, though the biogeochemical processes resulting in emissions are the same. [Gujer and Zehnder, 1983; Conrad, 1996 , and references therein].
Emissions vary seasonally, usually following soil temperature, plant growing season or saturation season, though exceptions may be found [Svensson and Rosswall, 1984; Westermann, 1993] . For example, in high northern latitudes, wetlands are usually classified as bogs, forested bogs, and fens with maximum emissions from June to September. Methane emissions increase when soil temperature increases above 0øC but have been measured at very low levels from frozen soil. Seasonal wetlands such as flood plains will only emit methane during the wet season, and methane emissions vary within wetlands along moisture gradients [Svensson, 1976; Moore et al., 1990] . Dry, aerated soils are usually sinks of methane; though drought or other changes in the water table may cause a source area to become a sink [Hatriss et al., 1982; Whalen et al., 1991] . Cao et al. [1996] and Christensen et al. [1996] have modeled the carbon system and methane emissions from wetlands. This type of model is rather complicated but allows modeling changes of methane emissions due to changes in climate. However, these modeled flux estimates cannot yet be regarded as a replacement for other global estimates, as they have mainly been intended to duplicate earlier results based on measurements [Matthews and Fung, 1987 ; Aselmann and Crutzen, 1989; Bartlett and Harris, 1993] .
Wetlands are estimated to produce --•20% of the annual global methane emissions. Recent global estimates have been 100-110 Tg per year, with a range of ---50-150 Tg [Matthews, 1993] .
3.5.2. Biogenic sulphur gases. Sulphur gases emitted from wetlands are estimated to be a small percentage of the Sweden and Finland, with fluxes as high as 1800/•g C m -2 h -• from the wet flark environments, but only up to 70/•g C m -2 h -• from the drier hummock environments. Nighttime emissions were reported to be zero or near zero, probably due to the absence of light as is the case with foliar emissions. The emission season starts after the spring thaw and ends with the onset of the autumn frost. June emissions appear to be lower than August emissions. Other details of the seasonal variation are unclear, but moss and soil temperature, and PAR are expected to be important controlling factors.
Waters
Emissions of reduced sulphur compounds and NH3 from European seas and lakes are considered for this inventory. Emissions of other compounds such as VOCs have been measured from oceans [Rudolph and Ehhalt, 1981; Bonsang et al., 1988; Plass-Diilmer et al., 1993; Guenther et al., 1995] , but these are not expected to be major contributors in the European area. Emissions of CH 4 from shallow lakes have been discussed in section 3.5.
The biological activity of marine and freshwater algae is considered to be responsible for the production of reduced sulphur gases, especially dimethylsulphide (DMS), carbon disulphide (CS2), methylmercaptan (CH3SH), and dimethyldisulphide (CH3SSCH3). Carbonyl sulfide (OCS) and hydrogen sulfide (H2S) are photochemically produced, in particular OCS in seawater can result from the photosensitized reaction of organosulphur compounds. Of all these components, DMS is by far the most abundant and contributes ---90% of the total reduced sulphur in surface waters [Cline and Bates, 1983 [Turner and Liss, 1985] and its production depends on the type of aquatic ecosystem. Although observations of volatile reduced sulphur emissions in hypersaline evaporitic environments show DMS concentrations of the same order of magnitude as those observed in marine environments (32 to 128 ng S L -• in South Catalonia, Spain), the concentrations in neighboring sulphate-rich karstic lakes can be considerably smaller [Sim6 et al., 1993] . Large variations were also reported by Nriagu and Holdway [1989] in the Great Lakes, United States, with DMS concentrations ranging during summer from 3.2 to 32 ng S L -•. Measurements of DMS in lakes are sparse and highly variable, but since the volume of lakes in Europe, and globally, are at least 2 orders of magnitude smaller than the volume of salt water, we can expect the freshwater contribution to global (or European) values to be in the same proportion.
The emission of ammonia from ocean waters is also biologically determined, as it depends on the ammonium contents in seawater. Oceanic ammonium is produced from zooplankton grazing and from the decay of organic material. It is a nutrient for both phytoplankton and bacteria. Ammonia can either be emitted from or deposited to ocean waters; the direction of the flux depends upon a number of physical and chemical param- (manuscript in preparation, 1998). According to this estimate, the oceanic source would represent ---15% of the total flux of ammonia to the atmosphere, although there remain uncertainties because the existence of nonzero air concentrations of NH 3 has not been considered in these calculations.
Wild Animals and Humans
The major global sources of methane are mammals (primarily ruminants and rodents) and termites, although the latter are not considered important in Europe. Metabolic processes in the intestines of animals, and to a lesser extent in their excretions are responsible for gas formation. One important pathway is the anaerobic degradation of cellulose plant material by symbiotic microflora leading to the formation of methane [Crutzen et al., 1986] . The other known pathway causing ammonia emissions (and also N20 ) derives from the decay of urea and uric acid in animal manure [Buijsman et al., 1987; Bouwman et al., 1997 ]. This latter process is much more pronounced for domestic animals than for wild animals (as farm manure is collected and kept liquid for longer periods of time) or for other sites where animals live in very dense populations (e.g., bird breeding colonies on small islands [see Sutton et al., 
1995]). Other emissions include VOCs such as isoprene; however, this source is negligible compared to emissions from plants.
Within this source group, emissions from human evaporations (sweat, breath) are considered, but in agreement with the EMEP/CORINAIR methodology not the emissions from sewage treatment.
Lightning
The electrical discharge of lightning creates plasma channels in the atmosphere characterized by strong ionization and high temperatures. Major compounds of the atmosphere, notably nitrogen, oxygen, and water, may be ionized and then undergo chemical transformation [Sisterson and Liaw, 1990; Gallardo and Cooray, 1996] . The major species of interest is nitric oxide (NO), but other compounds containing nitrogen, oxygen, and hydrogen atoms are also formed. The high temperature during the flash (up to 30000 K), and the subsequent rapid cooling below 1500 K, are crucial for the formation and subsequent stabilization of NO.
While lightning exhibits different characteristics depending on whether it is cloud-to-ground (CG), cloud-to-cloud or within-cloud (intercloud and intracloud, IC), emission estimation techniques have not been resolved to this level of detail. It has been reported that IC discharges may be up to 10 times less efficient in producing NO than the CG discharges [Sisterson and Liaw, 1990] . However, more recent information suggests that these discharges may be nearly equal [Levy et al., 1996; Gallardo and Cooray, 1996] . The amount and distribution of NO produced is believed to depend on the energy and the frequency of lightning strokes, which in turn depend on cloud temperatures and cloud heights. IC lightning is known to be more frequent than CG lightning. The ratio has been correlated to the cold cloud thickness (cold cloud, below freezing temperature), representing the size of the electric field involved that may determine the number of IC flashes [Price and Rind, 1993] . Despite generally large variations in this ratio, a dependence on geographical latitude has been found using cold cloud thickness as a parameter. While virtually all of the oxidation product is originally NO, ---25% of this may be transformed to NO2 very quickly [Franzblau and Popp, 1989 ].
Volcanoes
This source category, important in Italy and Iceland, includes emissions from geothermal activities, both eruptive and noneruptive. Sources include fumaroles, geysers, metamorphic degassing or other activities related to molten magma from the Earth's crust, but volcanoes themselves are by far the dominant source of emissions. The gases emitted consist of sulphur dioxide, carbon dioxide, hydrogen sulphide, mercury, and chlorine, among others. Noneruptive volcanoes that outgas at relatively constant rates seem to be more important than sporadic eruptions, both for CO2 [Gerlach, 1991] and SO2 [Andres and Kasgnoc, 1998 ]. However, the sporadic emissions are much more difficult to assess. Differentiation can also be made among eruptive emissions: eruptions in an arc tectonic regime tend to be the most violent but seem to have a more predictable pattern of explosivity strength versus SO2 emissions [Bluth et al., 1993] . In general, the volcanic sources in Europe are well known and documented.
Gas Seeps
Bubbles of natural gas rising from the seafloor have been detected at several different sites in the world. Such emissions have been attributed to seepage from underground storage, but very little information is available. Obviously, seepage has been observed primarily in lakes and coastal areas (in Europe primarily around Denmark), but also further out, in particular in the North Sea. Depending on the bubble size and on the water depth, some or even all of the methane emerging from the sea floor may be dissolved in water and readily oxidized by bacteria. Therefore atmospheric emissions are limited to the continental shelf.
Seepage usually occurs at storage sites of relatively recent times, such as from the glaciation periods. Natural gas reservoirs may start seeping gas after seismic activities (earthquakes) or in response to changes in the outside temperature and pressure. Observed gas flow takes place primarily during summer and autumn, and during low tide [Martens and Klump, 1980] , often taking the form of activity outbursts. Such variable methane emissions are assumed to be produced by on-going processes from buried organic material, with reservoirs being emptied periodically. Carbon 14 depletion in the resulting methane emission suggests that this material is from fossil origin [Hovland et al., 1993] . In addition to bacterial production, thermogenic production is assumed, with the associated emissions being accompanied by oil seeps. Emissions are typically composed of---75% methane, 7% propane, 7% n-butane, and 6% ethane (by weight [Radian Company, 1996]).
Emissions and Methodology

Forests
For forests, grasslands and other vegetation, The emission estimates to be presented here have been made using the meteorological data from the EMEP ozone model, solving (1) as described by Simpson et al. [1995] . In order to obtain a representative estimate, 5 years of meteorology have been used. Two major alternatives for using (1) to calculate emission inventories are (1) to perform these calculations at a genus or preferably species specific level (requiring for example separate statistics for Norway spruce, Douglas fir, etc.); (2) to perform the calculations for different ecosystem types. In this method, each ecosystem is assumed to consist of a number of species, and the assigned emission rates attempt to give the average emissions from this category.
The first approach, using genus and species level data, is the one we have adopted for European forest estimates. This approach requires considerable effort but is justified because of the difficulties in assigning ecosystem-specific emission factors for Europe. For example, isoprene emission potentials for a deciduous forest in Germany range from almost zero to 40 g-l h-• depending on the relative amounts of European oak and beech in this ecosystem type.
The very low species diversity in Europe (see section 2 above) also encourages a species-specific approach. In Norway, Sweden, Finland, Germany, and several other countries it is a very good approximation to say that all spruce is Picea abies and all pine is Pinus sylvestris. An extensive botanical textbook on Norwegian and Swedish flora mentions only two oak species, Q. robur L. and Q. petraga (Matt.) Liebl. [Lid, 1974] . Other species are present in these countries of course but often for ornamental purposes in very limited numbers.
The situation is more complex in the Mediterranean area (1) Minimum isoprene rate set to 0.1 for all species, see text. Branch-level rates given; (2) Terpene emission potentials given as "LIGHT" use MTL algorithm, "STORE" use MTS algorithm, see text;
(3) For spruce, D = 800 g/m 2 north of 60øN, 1400 g/m 2 between 55ø-60øN, and 1600 g/m 2 < 55øN; (4) For Scots pine, D -500 g/m 2 north of 60øN, 700 g/m 2 elsewhere. Emission potentials given in •g g-• DW h -1. Additional , 1997a] . However, the increasing prevalence of commercially grown species such as eucalyptus is reducing the complexity of this region. Indeed, reasonable statistics can often be found on the main species because 0f their economic importance, so a species-specific approach again seems reasonable. Table 2 . In order to include the dependence of some terpene emissions on light, two separate emission potentials are given for terpenes; denoted "LIGHT" (actually lightand-temperature dependent) and "STORE" (only temperature dependence). The appropriate environmental correction factors to be applied with these potentials are discussed in Given the wide variety of emissions found for important European oak, spruce, and pine species, species-level descriptions were preferred over genus-level descriptions wherever possible for these genera, although emission potentials were still assigned to classes. Norway spruce has received somewhat special treatment as it so widespread over the continent, and a number of independent studies are available characterizing its emissions [Janson, 1993; Janson et al., 1998; Steinbrecher, 1993b Steinbrecher, , 1994 Steinbrecher, , 1997b Kempf et al., 1996] . Steinbrecher [1994 Steinbrecher [ , 1997b has demonstrated a light dependency of the terpene emissions, so as a first approximation we have assumed that 50% of the terpene emissions are light dependent.
Emission potentials e. Isoprene and total monoterpene emission factors for common European forest species are listed in
Note that a minimum isoprene emission potential of 0.1 g-• h-• has been set for all species. This accounts partly for the fact that isoprene emissions are often detected but at unquantiffable levels in many species, and partly for emissions from unaccounted-for vegetation within the forest area. However, as we have attempted to map both dominant and nondominant forests onto our land use maps, as discussed in section 5.1, no extra accounting for nondominant emissions from trees is included.
For the other VOC (OVOC) very few reliable experimental data are available, especially for polar compounds with less than four carbon atoms (e.g., methanol, HCHO, etc.). However, it has been shown that plants can Until future studies reduce the large uncertainties associated with existing OVOC emission factors, we have decided to retain the previous default OVOC factor of 1.5/xg g-• h -•.
Foliar density D. For deciduous trees, foliar densities vary markedly over the year, and this can be straightforwardly incorporated into calculations if data were available.
However, as pointed out by Isidorov et al. [1993] , the relative weight of foliar biomass compared to total biomass increases in harsher conditions, and is also strongly depends on the age distribution of the forests. Such factors vary considerably over European forests; the information required to attempt an assessment of this in any detail is simply not available.
Instead, we make use of the seasonal average foliar biomass densities (Table 3) Emissions of terpenes from most types of vegetation result from the volatilization of these compounds from stores contained within the plant tissue. Such emissions are assumed to be controlled only by temperature. Emissions from these stored terpenes are denoted "MTS" in this study and have been found to be well described by the algorithm of Guenther et al. Also, ?,,s,o is as given by Guenther [1997] . These algorithms will likely need to be revised in the future when a better biological understanding of the biosynthesis and emission of terpenoids is available, as there remains an uncertainty in the resulting emission estimates that is at least a factor of 3 or more. This variation is mainly due to the (1) differences in the emissions from branch to branch and from tree to tree, A simpler noncanopy approach assumes that ambient temperature is similar to leaf temperature and that the use of "branch-level" emission potentials (as given in Table 2) , which are typically a factor 1.75 smaller than leaf-level values [Guenther et al., 1994], accounts for the shading effect. Tests in European conditions have suggested differences in total emissions between the two methodologies of---20% . Given the many uncertainties introduced by the forestcanopy model itself (e.g., in temperature and light profiles within the canopy), and the lack of evaluation of such models under European conditions, a canopy model is not used in the present European inventory.
A host of other, often longer-term, factors influence emissions, including leaf-onset, nutrients, water status or other stresses [Guenther et al., , 1997 . Possible algorithms to account for these longer-term effects have been proposed by Guenther et al. [1997] , and for Quercus robur in Europe by Schnitzler et al. [1997] . These types of algorithms will undoubtedly improve emission estimates in future, but further evalua- tion is required, and they have therefore not been adopted for the current inventory.
Natural Grasslands and Other Low Vegetation
The methodology for calculating emissions from grasslands and other low vegetation is almost identical to that for forest vegetation, except that we must use landscape emission potentials rather than species-specific factors in most cases. The justification for this is that grass-, shrub-, moor-and heathlands, and other low vegetation ecosystems consist generally of plant communities (except for crops which are usually monocultures), even though often only a few species dominate the community. The data required to resolve these communities into constituent species simply do not exist.
We have not found a comprehensive discussion of biomass densities for low vegetation. However, there is information on the annual net primary production for grasslands [Ruimy et al., 1994; Lieth and Whittaker, 1975] Emissions potentials and biomass factors assumed for these ecosystems are given in Table 3 .
Forest Fires
Emissions are obtained in a two-step process: (1) Estimate the emissions of carbon from the burned land and (2) Emission factors of trace gases relative to carbon emitted by burning are based on the recommendations of Andreae [1991] and are given in Table 4 .
Values of B, a, and/3 are given for relevant biomes in illustrate the biomass characteristics of Alaskan forests for stand ages of up to 600 years, and state that fire-return cycles limit the age of trees. In Europe, tree age is determined almost entirely by forestry practices and is usually <100 years. In the United Kingdom the average age of planted trees is just 29 years.
Some estimates of emissions from biomass burning distinguish between different phases of burning. In the "smoldering" phase emissions tend to be higher than in the burning phase [Cofer et al., 1991] , as it is the most easily combustible material which burns in the early phases. During the smouldering phase the less oxidized products (CO, HCs, etc.) are produced in higher proportions [Cofer et al., 1989 [Cofer et al., , 1991 . However, all phases of burning display a mixture of complete and incomplete combustion. Given the lack of data on typical European fires, and the lack of significant emissions, such refinements are not considered here.
An additional complication may be that forest fires can generate large convective elements (e.g., up to 5 km [FIRESCAN, 1996] ), so that many of the emitted species are ejected into the free troposphere above the boundary layer. Such emissions should not be reported within the EMEP/CORINAIR system, but so far we are unable to say how large a fraction of the emissions are affected in this way. For our estimates, a simpler approach is adopted. Methane fluxes to forest and grassland soils are simply estimated by
WCH 4 = A t X Ft (4)
where A i is the area (ha) of forests or grassland and F i is the seasonal average flux (kg CH 4 ha-1 yr-1) for these ecosystems.
For a national inventory, the model should ideally include a seasonality factor, based on local temperatures and precipitation, but as the substance of this factor is currently both qualitatively and quantitatively uncertain it is has been left out at this stage. The flux factor F i for forest soils is derived from annual estimates of methane fluxes reported for a number of sites in Europe, Table 6 . Evidently, there is a bias in Table 6 towards the northwest of Europe. Despite this, it should be noted that flux rates are fairly uniform (in comparison with fluxes of other gases from natural systems) across the different sites. From Table 6 we calculate a mean consumption rate in forest soils of (Table 7) are based on Bartlett and Harriss [1993] , who did a thorough review of flux measurements from wetlands and shallow lakes for the purpose of making global estimates. Reddaway, 1971] , and Sweden at 68øN latitude [Svensson, 1976; Svensson and Rosswall, 1984] are similar to the fluxes in Table  7 . Measurements made in Scotland at 58øN latitude [Gallagher et al., 1994] are lower but were not seasonally averaged and were made at the end of a 2-year drought. The climate zones of lengths have been adjusted for the estimates presented in section 6. Since the seasonal methane flux is usually lowest at the beginning and end of the emission season, the Table 7 fluxes may overestimate regional emissions with longer seasons, but we do not have enough information to correct for this. 4.5.2. NMHC. The factors controlling emissions of isoprene from peatlands are still unclear. More importantly, we do not have an estimate of the coverage of wet Sphagnum moss within European forests on which to base a good emission estimate. However, in view of the large fluxes observed from wetlands we present a very tentative estimate of isoprene fluxes, in order to illustrate their possible magnitude. The methodology is identical to that followed for isoprene emissions from forests and other vegetation.
Measured fluxes from England at 55øN latitude [Clymo and
Janson 
Wild Animals and Humans
Emissions were obtained by multiplying the number of animals with weight-dependent emission factors. These emission factors (Table 8) However, even taking into account the differences in animal weights, wild, and domestic animals have too many differences for these estimates to be regarded as reliable. Domestic animals are generally kept more densely, such that manure management is needed and the manure has to be stored for a longer period of time. Chemical processes in the manure (decay of urea to ammonia) are different and may be much less SIMPSON ET AL.: EUROPEAN NATURAL EMISSIONS 8129 As weights for different game species vary considerably, we further scaled the emissions linearly by the animal weight from the red deer/reindeer emission factors. A more complex scaling, proportional to the 3/4 power of weight, has been suggested [Crutzen et al., 1986], which may describe the food intake more closely, but other parameters also contribute to methane emissions so such refinements are not adopted here. The average weights of mammal species have been simplified from much more detailed literature data [Niethammer and Krapp, 1986] . We use red deer and reindeer 100 kg, fallow deer and white-tailed deer 90 kg, roe deer 15 kg, chamois 35 kg, ibex 70 kg, and muffion 25 kg. Moose emissions were assumed to be twice those of reindeer, consistent with estimates of nitrogen excretion given by Bouwman et al. [1997] . Methane emissions from humans, mainly in human breath, have been assessed from measured values. The resulting emission factor of 0.07 kg/person, and year is notably lower than that of pigs (1.5 kg/animal), which may have a comparable metabolism. Considering the food uptake of humans, which is about one third of that of pigs [Jonas, 1997] , an emission factor of 0.5 kg/person would be expected. Much of this discrepancy may be due to the diet but no full explanation is possible at this time. We thus applied an emission factor of 0.1 kg/person-year.
Linear scaling of the given emission factors by weight for even smaller animals (rodents) further increases the uncertainty and probably underestimates the metabolic activity of small animals. However, Crutzen et al. [1986] suggest that the methane yield (fraction of food energy content that is emitted as methane) is much higher for ruminants (7-9%) than for other herbivores (1-3%). Thus linear scaling by mass may still tend to overestimate methane emission factors rather than to underestimate them, justifying this rather simple approach. For the purpose of the joint EMEP/CORINAIR inventory only emissions within the mixing layer, defined for this purpose as 1000 m, are required. Hence we assume that lightning flashes take place over a depth of typically 7 km and that 20% of this amount (i.e., 0.17 kg N/flash) is assumed to be emitted below 1 km altitude.
Volcanoes
The primary source of geothermal emissions are active volcanoes. These volcanoes are well known and geologically de- Table 9 .
Typically, there are large differences in the species distributions from one part of Europe to another. Scandinavia is dominated by Norway spruce and Scots pine, with little deciduous cover except for birch. Oaks in most of northern Europc are essentially all deciduous (Q. robur, Q. petraea). In the Mediterranean, many more species are present, and both deciduous and evergreen oaks are important.
The gridding of these national species distributions to the EMEP grid was done utilizing the land use map of the Stockholm Environment Institute (SEI) for most of the European countries, or with the map of RIVM [van de l/elde et al., 1994] for Russia, Ukraine, Belarus, Turkey, and the Baltic states.
The SEI map is the most detailed, consisting of over 50 land use classes and distinguishing between forest species such as Holm oak, Cork oak, Scots pine, as well as wet and dry soil grasslands, alpine meadow, Mediterranean scrub, etc. This database is also hierarchical, so that separate classifications are given for species (e.g., Scots pine) within mainly coniferous forests, mixed forests, or mainly deciduous forests). Some of the classes are mixed, for example "dwarf conifers." Data sources consist of the ---1 km resolution remote sensing forest map by ESA, plus a printed land use map from the 1970s, and statistics of dominant crops (NUTS-3 level for EC countries, country level from FAO statistics for the rest of Europe). An illustration of the output of this database is given in Plate 1.
This high-resolution database was used to calculate the percentage of each land-cover type within the EMEP 150 x 150 km 2 grid for which meteorological data were available.
The RIVM database consists of two forest land use classes, "coniferous + mixed forest" and "deciduous" forest, as well as grasslands, arable lands, permanent crops, urban, water, and "other" and was available on the 50 x 50 km 2 EMEP grid.
In order to generate the database actually used for the emission calculations, the national species distributions given in Tables 9 and 10 were mapped onto the EMEP grid using the SE! or RIVM databases as keys for each species. This process was somewhat subjective but ensures for example that most Quercus ilex is assigned to the SEI-determined Q. ilex areas, but also to a lesser extent to other deciduous forests, other mixed forests, and coniferous forests in descending order of priority.
Grassland and Other Low Vegetation
The areas of meadows and pastures have been given in 
Forest Fires
The areas of forest burnt in most European countries are reported by EUROSTAT [1995] , and summarized in Table 11 . The ecosystem-dependent biomass and burning parameters B, a, and/3 should ideally be estimated from local data, but for this work the values given in Table 5 provide a default.
Soil NOx
Estimates using the Skiba methodology (see section 4.4.1) rcquire total land area, which is given in Table 1 , and the various nitrogen inputs. Fertilizer application was taken from EUROSTAT [1995] . Nitrogen deposition in each country was taken from EMEP model calculations as presented by Tsyro [1997] . N excretions of wild animals have been derived from the data used in section 5.7.
Wetlands
Estimates of wetland area for global estimates have been typically derived from large-scale data such as Aselmann and Crutzen [1989] , who give percent wetland area in 2.5 ø latitude by 5 ø longitude cells. Areas derived from this database are compared with nationally derived data for total peatland, mainly from Maltby and Immirizi [1992] in Table 12. In many cases there is quite good agreement between these SIMPSON
data sets, allowing for unavoidable interpolation errors. Some differences may be due to definition--for example, much of the Austrian peatland is associated with the large and shallow (mean depth 1 m) Lake Neusiedl, which may be classified in other statistics as shallow water rather than bog or fen. The biggest discrepancy occurs for Sweden, where the national estimate of H•nell [1989] may be assumed to be the most reliable.
No comprehensive data were found on the coverage of shallow lakes (<2 m), although these may be substantial in many countries. Some data on the largest lakes are given by EURO-STAT [1995] . More problematic are the large number of very small lakes which are more likely to be shallow. Stanners and Bourdeau [1995] estimate that Europe has 150 lakes of larger than 100 km 2, 2000 larger than 10 km 2, but 400,000-600,000 between 0.01 and 0.1 km 2 in area.
Waters
Given the sea-specific emission factors derived and presented in section 4.6 and Table 13 , the only further statistics required are the areas of the European seas.
Wild Animals and Humans
The number of deer by species has been compiled by Myrbetget [1990] for the European countries with the exception of the former Soviet Union. Numbers are based on hunting statistics and refer to the winter population. Assuming a typical population increase of 20-30% during four months in summer before the hunting season, the annual average is --•8% higher than the winter population. Deer counts for the former Soviet Union were estimated by comparing forest statistics from Finland and the European part of the Soviet Union. The number of large mammals in Europe is presented in Table 14 . The number of humans was taken from population statistics.
For the population of moose and reindeer, an independent estimate is available ]. These numbers agree well for moose. For reindeer, Bouwman et al. included reindeer kept as semiwild herds, so their population numbers are much higher than ours. Crutzen et al. [1986] presented numbers for wild ruminants in the temperate northern region in a global emission assessment, but these are lower than even the European estimate given here for roe deer, and not much higher for moose. We consider our data, being compiled from reasonable national data, to be the most reliable.
No consistent information was available for rodents. Especially for Northern European countries, very high population numbers have been occasionally reported, but with extreme population fluctuations. The most abundant mammals at the peak of their population are lemmings, which peak every 4 years [Chitty, 1996] . At a weight of 40 g during summertime (the wintertime weight near 80 g is probably not relevant for the high numbers or the metabolic rate [Nagy and Gower, 1999]), the total biomass of lemmings in Sweden would be a little more than half of that of all moose, if reported numbers of 2 x 10 9 are correct. This will only be the case for peak years though, and not regular years.
Population numbers of hares as available from hunting statistics suggest that their number is consistently smaller than that of deer (Austrian Statistical Office, Statistical Office of the Czech Republic), and thus their total biomass is considerably lower (at 5 kg weight). For at least one country however (France) the number of rabbits reported is a factor of 20 larger than any of the larger deer species (M. Ritter, personal infor-mation from the CORINAIR database, 1998). Thus, although the number of small mammals currently is highly speculative, it seems that at least their total biomass does not significantly exceed that of wild ruminants. Emissions from rodents therefore have not been specifically estimated for the current undertaking.
Numbers of European breeding birds have been systematically collected and published recently [Hagemeijer and Blair, 1997] . For each European native species, the number of breeding pairs is given on a per country basis; however, numbers are only given for up to ten countries per species, for those countries in which the species is most abundant in absolute numbers. Therefore useful numbers are only available for those European countries that have large bird abundancies and for the European total. It needs to be stressed that these numbers are very uncertain, especially for European Russia where for the most abundant species a range of a factor of ten is given (with the geometric average presented as best guess). For our study, no annual population cycle is considered, only the breeding pairs are included, and it is assumed that their emission rate is constant year round. 
Lightning
Ground-based estimation of lightning flash densities for different European countries have been compiled by
Hovland et al. [1993]). A similar ratio between potentially active and active area was assumed for the North Sea as for the
Danish coast, suggesting 300 km 2 of seeping area. Again, this number has to be considered speculative. Other active areas in Europe may exist, for example, in the Stockholm archipelago and in the Black Sea, and off the shores of Bulgaria and Greece, but no quantification has been given.
Results
In contrast to the previous chapters, the results are organized by compound rather than by source group, in order to allow a relative assessment of the importance of the different sources with respect to each other and with respect to manmade emissions.
Methane
Methane fluxes by country estimated using the above methods are presented in Table 15 calculation, but which is not in our statistics. Some of these discrepancies may reflect emissions from highly productive ag-ricultural wetlands, but clearly the uncertainty is very large in this case. For Austria the discrepancy between CORINAIR and our estimates seems to be due to different definitions of wetlands and waters. In our study, emissions from peatland are reported under the wetlands category. As noted in section 5.5, much of the Austrian peatland is associated with the large and shallow Lake Neusiedl, so it is likely that these emissions are reported under waters rather than wetlands in the CORINAIR reporting.
Emissions from large mammals by species are given in Table  16 . Emissions from agriculture, which are dominated by enteric fermentation by farm animals, are also shown. It is clear that in comparison to these agricultural emissions, wild animals and humans represent a negligible source of methane. Table 17 gives the emissions of NO from soils, lightning, forest fires, and man-made sources. The soil NOx calculations are presented for a number of the methodologies discussed in The extent to which these soil NO emissions are natural is debatable. However, taking the background soil NO emissions (although this is also calculated for agricultural land) from the Skiba-methodology, and total (0-7 km) lightning, Table 17 suggests that natural (nonfertilizer or N-deposition-induced) emissions amount to <1% of the European budget. Taking the mean of the Davidson and Kingerlee estimates suggests that biogenic sources may contribute up to 20% of the European budget. plied one emission rate to all Mediterranean oaks, on the assumption that only 10% of these oaks were isoprene emitters. This assumption derived from detailed land use data for Spain (speciated data for other countries were not then known), but the new data used in this work (Table 9 ) suggests that almost all oak forest in Greece is deciduous and hence treated as isoprene emitting. Table 19 gives the contributions of different vegetation species to the total NMVOC emissions. It is clear that only a few vegetation species dominate the emissions, especially realizing that many of the genera which are "unspecified" will probably be dominated by one species in most countries, for example, most unspecified oak in northern Europe will be Q. robur or Q. petraea. These rankings vary greatly between countries of course. In Spain, for example, the three largest isoprene emitters are Monte hueco, Q. faginea and Q. lusitanica, none of which have well-defined emission potentials. The terpene emission estimate for Spain is dominated by one species, Q. ilex. The estimates of emissions from crops were based on a crude default parameterization as this vegetation lies outside the scope of this natural emissions study. However, the relatively large emission from crops seen in Table 19 suggests more work is needed on this category in future studies. Table 19 also suggests that emissions from the lowvegetation categories (e.g., heathland, Mediterranean scrub, etc.) are not significant. However, this is misleading as the land use data needed for these estimates were only available for a few countries. The United Kingdom was one country for which good estimates of low-vegetation cover were available, and the estimated VOC emissions for the UK are shown in Table 20 .
Nitrogen Oxides
NMVOC
Heathland, pastures, and crops all make significant contributions to the emission totals, in addition to the forest contribution (Picea sitchensis and deciduous oaks) . These results are a cause for concern because (1) the emission potentials for these species or ecosystems are based on very few specific measurements, and (2) the land cover and biomass data for such ecosystems are often not reported in national statistics.
Despite the very tentative nature of the calculations concerning isoprene emissions from wetlands Table 18 suggests that these are unlikely to contribute significantly to total budgets. The main reasons are their small area in relation to forests, moderate emission rate (comparable to Norway spruce for isoprene, for example), and often their location in relatively cool climates. However, on a local level, such emissions should not be ignored. Table 21 gives the results for NH 3. Emissions from natural sources amount to little more than 1% of the anthropogenic NATURAL EMISSIONS 8137 a few countries (e.g., 5%, Finland) . Humans and birds are the greatest contributors. The relative contribution of the larger mammals to these totals have been presented in Table 16 . A much larger number of species contribute to the bird totals, but the top nine contributors account for about 30% of the total emission (Table 22 ).
NH 3
emissions in Europe as a whole, although with somewhat greater contributions in
The emissions from waters given in Table 23 are adapted from Barrett [1998] 
The volcanic emissions derive fromAllard [1991•] and Andres
Uncertainties
Uncertainty estimates from nearly all of the natural source categories share a number of common features:
1. The availability of emission factors are usually very limited. With the exception of volcanoes, none of the source sectors considered has an emission factor determined to better than a factor of 2, even for an overall estimate.
Definitions of the emission sectors and land use statistics
are usually difficult and vary between countries. For example, 1 km 2 of forest or wooded land may encompass either dense forest (2000 g m -2 biomass, say) or scattered trees (e.g., 100 g m-2). Fens, bogs, mires, etc., are similarly poorly defined and are often arbitrary representations of complex ecosystems.
3. The availability of statistical information is often very variable from country to country. This is partly due to the definition problems above but also reflects national/economic interests. For example, statistics associated with the forestry industry are usually well documented for those countries where forestry is a major activity (e.g., Scandinavia). On the other hand, statistics for unmanaged forest, seminatural vegetation, wild animals, or wetlands have little economic value and hence are not always collected.
This means that the variability presented here does not present a basis for performing error propagation calculations but rather indicates areas of data limitations, where additional research may significantly improve the reliability. Table 26 presents a subjective overview of the uncertainties associated with the nature sources categories. The justification for the assigned uncertainty codes is given below, but it should be remembered that within all classes some subsystems (e.g., particular ecosystems, countries) may be better characterized than this table suggests, whereas others are worse.
Forests
As illustrated in Table 20 isoprene emissions from Europe are expected to be dominated by a few oak species, notably Q. robur and Q. petraea, as well as by Norway spruce. The European basis for emissions potentials for these oak species is very sparse: Isidorov [1985] , [1997b] obtain emission potentials for this species which agree within a factor of 2. The major uncertainties in making isoprene emission estimates are in eastern and southern Europe, where emission potentials for several important species have currently to be assigned on the basis of very few or no experiments. The Mediterranean region especially has a much more varied mix of species than that found in the rest of Europe, and it will be many years before the emission characteristics of this region are adequately characterized. Improvements in the land use databases, particularly regarding species composition and associated biomass data, are clearly required for all regions, but especially for eastern and southern Europe.
In general, emission potentials calculated for terpenes are much more uncertain than for isoprene, and in many cases probably overestimated, as enclosure-type measurements will usually disturb the tree and stimulate emissions. with specifying forest coverage are still significant [Guenther, 1997] .
In Europe, coherent land use data sets suitable for these emission estimates data sets are simply not available. The data used in this study were derived as far as possible from national statistics, and quality will differ greatly from land to land. Satellite data, such as that underlying the SEI database used in this study, provide a spatially comprehensive method of mapping vegetation with very high resolution. Use of such data is extremely valuable, but only if ground validation has been performed. When ground measurements are used to calibrate multitemporal satellite data, dominant plant species can often be resolved but the resulting algorithms can be applied only over a limited area. Studies in the United States demonstrate cies will change regional emission totals significantly, local emission totals might be influenced.
Forest Fires
Andreae [1991] suggests that the uncertainty of emission estimates from forest fires is ---50% for CO2 and a factor of 2 Overall, a factor of 3 uncertainty would seem a reasonable first guess for emissions of gases such as NOr from Europe. Studies are needed to determine the fraction of nitrogen inputs that are subsequently released into the atmosphere as NO. The role of plant canopies in mitigating the flux of NO into the free atmosphere also needs to be explored, and further The estimated areas of wetlands may differ greatly depending on the underlying vegetation databases. The differences in area estimates between Matthews and Fung [1987] and Aselmann and Crutzen [1989] are discussed at length in the latter paper and in the paper by Bartlett and Harris [1993] . Their total areas are very close, but their distribution differs greatly, particularly in the tropics. Their estimates of total area for the northern hemisphere temperate and boreal zones are very close, but their vegetation classes are not strictly comparable.
Soils NOx emission C-D A-C C-E CH 4 consumption C-D A-C D-E Wetlands CH 4 D-E A-C D-E
Waters
The extrapolation of the European DMS oceanic fluxes summarized in Table 25 to the world oceans results in a global flux of 15 Tg S yr-1, which coincides with the global estimate of Bates et al. [1992] . The reason for the good agreement between these estimates is probably that both consider the seasonal cycle of DMS production in seawater, while the earlier estimate of Andreae and Raemdonck [1983] did not.
Still, the largest uncertainty is related to the spatial and temporal extrapolation of DMS and NH x concentrations in seawater from the collected set of observations. The uncertainty of such extrapolation to different biogeographical areas has been quantified to a factor of 3, derived from the standard deviation of the observations. The choice of exchange coefficients in the parameterizations of sea-air exchange is less significant: on average, we can expect variations within 30% depending on the choice of the exchange model.
Wild Animals and Humans
The applicability of the emission factors is not well known.
As noted in section 4.7, the metabolism of farm animals is generally very different from wild animals. Further, we have had to extrapolate emissions factors (emissions per kilogram) derived from farm animals (cattle) to animals weighing up to 30 times less (row deer). Comparing direct measurements of human methane emissions with estimates scaled from measurements on pigs suggests a factor of 5 uncertainty in such methods (section 4.7); this may serve as a general guideline for this kind of derived emission factors. Human emissions, which are based on direct measurements, are expected to be correct within 50%.
While emission factors for ammonia generally seem to be better understood (based on food intake/excretion of nitrogen), the "canopy effect" has not been taken into account. Within a forest or grassland canopy, deposition of NH 3 may be so efficient that it is removed to the leaves and grass before reaching the open atmosphere. Bouwman et al. [1997] therefore assumed NH 3 emissions from forest animals to be negligible. We have no data on the fraction of animals actually living and excreting in a forest rather than in open areas. However, as large herbivores frequently feed on grassland, and birds are abundant above tree canopies, we assume canopy effects (and the related uncertainty) to be <50%. For small animals, the most abundant of which spend part of their time even beneath the ground (hares, voles, lemmings), emission of ammonia may be considered negligible.
With respect to deer numbers, the uncertainty of hunting statistics seems to be relatively small, within -30%. However, the lack of data for the former Soviet Union is a major problem, as this covers-40% of the European territory and has a large percentage of the European wild animals. Overall uncertainty in the numbers then is about a factor of 2. Additionally, the bird counts are probably correct only to a factor of 2 or more. With respect to the usual standards for emission inventories, the data quality for human population numbers is very high.
Total [1986], based on food availability, an upper limit of these missing methane emissions from animals may be 6 times the emissions of large wild animals globally. For Europe, at 800 Gg yr-l this is still more than an order of magnitude smaller than methane emissions from animal husbandry. No lower limit or most probable estimate can currently be given due to lack of data.
Lightning
The uncertainty in the emission factors has previously been estimated to be a factor of 3 [Novak and Pierce, 1993] ; however, the validity of these results have to be checked with respect to those literature estimates giving results different by up to an order of magnitude [Biazar and McNidar, 1995] . A recent study on the contribution of cloud-to-cloud lightning [Gallardo and Cooray, 1996] indicates that previous numbers (including the ones used in this paper) may be too low. However cloud-tocloud lightning is primarily relevant for upper troposphere emissions which are important on the global scale, not for the low-level emissions considered here. Compared to the emission factors, the uncertainty for flash numbers seems to be considerably smaller. Even results from ground-based assessments of flash densities [Turman and Edgar, 1982] typically deviate by less than a factor of 2. Altogether, a total uncertainty range of a factor of 5 seems to be indicated from available data (1.5-8 Gg N yr-•). One dominant source (Mount Etna) accounts for most of the European emissions. The uncertainty in emission fluxes from this source is given as 20% by Allard et al. [1991] , based on measurements between 1975 and 1985. However, this may be a low estimate that does not fully reflect the natural flux variation. Caltabiano et al. [1994] obtained a "baseline" activity from measurements in the years 1987-1991, which is 20-40% higher than that given by Allard. In addition, explosive periods and events have to be considered. During 1990, the SO 2 flux from Etna was on average more than twice the figures used here [Caltabiano et al., 1994] . Also, the eruption of an otherwise dormant volcano like Hekla (Iceland) in 1991 may also increase the European annual v. olcanic emissions by as much as 30% [Andres and Kasgnoc, 1998].
Gas Seeps
While the emission rate seems to be well established, considering the irregular behavior of this source, huge discrepancies exist in the literature on the size of the active seepage area. Using the most conservative estimates, gas seeps are an almost negligible source of methane. With the inclusion of all potential seepage areas (an area 300 times larger than the our best estimate), gas seeps would be a major contributor to European and also global emissions, as has been reported by Hovland et al. [1993] . The upper estimate for Europe, -3 Tg yr -•, would be of the order of 7% of total European methane emissions.
Summary and Conclusions
As part of the work of the UN-ECE Task Force on Emission Inventories, a so called "Nature Panel" was set up to write a chapter for the EMEP/CORINAIR Atmospheric Emission In-ventory Guidebook [Mclnnes, 1996] dealing with emissions from biogenic and natural sources. This Guidebook is used by many European countries in reporting their national emissions to UN-ECE and the European Union. Here we have presented the applied results of the work of this Panel, a set of (practical) methodologies for estimating emissions of sulphur, nitrogen oxides, NH3, CH4, and nonmethane volatile organic compounds (NMVOC) from biogenic and other natural sources in Europe. The source categories covered include forests, grasslands and other low vegetation, forest fires, wetlands, waters, animals, volcanoes, lightning, and gas seeps. We have assembled land use statistics from European or national compilations and presented emission estimates based on these. Table 27 summarizes our estimated emissions on a European scale, together with estimates of European anthropogenic and global total source strengths. In terms of contribution to total European emissions, NMVOC from forests and vegetation, CH 4 from wetlands, and sulphur from volcanoes are the most significant emissions, using the methodologies recommended for the Guidebook. However, the estimates of soil NOx emissions cover a very large range. The lower estimate, adopted for the Guidebook, suggests that biogenic NOx emissions are not significant. With the higher estimate, derived from Davidson and Kingerlee [1997] , biogenic sources contribute more than 20% of European NOx emissions.
On a global scale the biogenic emissions from Europe are not significant, a consequence both of the climate of Europe and of the reduced extent of natural sources such as forests or wetlands since pre-historic times. However, for assessing local budgets, and for photochemical oxidant modelling, natural/ biogenic emissions can play an important role. The most important contributor in this regard is undoubtedly forest VOC emissions, although this paper also indicates that NMVOC SIMPSON ET AL.: EUROPEAN NATURAL EMISSIONS emissions from nonforested areas need to be further evaluated.
Other emissions may have great local or regional importance. The volcanic sulphur emissions from Italy exceed the combustion emissions of that country, and have a large effect on calculations of acid deposition in the Mediterranean. In most Nordic countries, CH 4 emissions are dominated by wetland sources. In Russia, emissions of CH 4 from wetlands are comparable to those from anthropogenic activities.
It should be noted that some important natural/biogenic emissions are not addressed as part of this study. These include aerosols, CO2, N20, and heavy metals. They have so far been excluded either because the recommended methodologies are identical to those of IPCC, or because no methodology has been accepted yet as part of the Atmospheric Emission Inventory Guidebook. However, these emissions often have both local and global significance, and future work will seek to include them into the Guidebook.
The uncertainties of natural/biogenic emissions are much larger than those associated with anthropogenic sources. In part this is due to the complexity and variability of natural ecosystems, so that much basic research and extensive measurements will be needed before reliable emissions factors and algorithms are developed.
A significant contributor to the uncertainty of these estimates is also the lack of land use statistics in an appropriate form. Of course, statistics for many sources do exist in many European countries, but formats and definitions vary from country to country, and these data do not exist in any Europewide database. One of the most important outcomes of the work presented here will be to establish natural emissions properly into the EMEP/CORINAIR emissions reporting procedures, encouraging countries to supply land use data specifically collected for biogenic inventories to a central database.
A significant accomplishment of this work has also been to establish a framework for identifying the major sources and uncertainties in European estimates, thus enabling the priorities for future research work to be identified.
